MicroRNAs (miRNAs) are a class of small, non-coding regulatory RNAs that regulate gene expression by guiding target mRNA cleavage or translational inhibition in plants and animals. At present there is relatively little information regarding the role of miRNAs in the response to drought stress in maize. In this study, two small RNA libraries were sequenced, and a total of 11,973,711 and 14,326,010 raw sequences were generated from growing leaves of drought-tolerant and drought-sensitive maize seedlings, respectively. Further analysis identified 192 mature miRNAs, which include 124 known maize (zma) miRNAs and 68 potential novel miRNA candidates. Additionally, 167 target genes (259 transcripts) of known and novel miRNAs were predicted to be differentially expressed between two maize inbred lines. Of these, three novel miRNAs were up-regulated and two were down-regulated under drought stress. The expression of these five miRNAs and nine target genes was confirmed using quantitative reverse transcription PCR. The expression of three of the miRNAs and their putative target genes exhibited an inverse correlation, and expression analysis suggested that all five may play important roles in maize leaves. Finally, GO annotations of the target genes indicated a potential role in photosynthesis, may therefore contribute to the drought stress response. This study describes the identification and characterization of novel miRNAs that are the differentially expressed in drought-tolerant and drought-sensitive inbred maize lines. This provides the foundation for further investigation into the mechanism of miRNA function in response to drought stress in maize.
Introduction
MicroRNAs (miRNAs) are small, endogenous RNAs that regulate gene expression in plants and animals [1] [2] [3] [4] [5] at the post-transcriptional level by translational repression or target degradation and gene silencing. Plant miRNAs function in diverse processes associated with growth and development such as developmental transitions, organ polarity, auxin signaling, boundary formation or organ separation, leaf and stem growth, floral organ identity and reproductive development [6] . Several miRNAs are involved in the regulation of root development in Arabidopsis, including miR167 that targets auxin response factors (ARFs) in order to regulate the emer-gence of shoot-borne roots [7] [8] [9] , and miR164 that directly cleaves transcription factor NAC1 which inhibits lateral root development. Other miRNAs such as miR156 and miR172 affect flowering time when over-expressed in Arabidopsis [9] [10] [11] [12] , and miR172 exhibits a similar temporal expression pattern in maize, where it targets Glossy15, a gene required for the expression of juvenile epidermal traits [13] . Moreover, miR395 regulates sulfur assimilation and translocation by adjusting the mRNA levels of ATP sulfurylase and a low affinity sulfur transporter [14, 15] , while miR399 regulates phosphate homeostasis in Arabidopsis by suppressing the ubiquitin-conjugating E2 en-Ivyspring International Publisher zyme, PHO2 [16, 17] . In addition, accumulating data demonstrate that miRNAs play major roles in response to biotic and abiotic stress [18, 19, 20] , such as low nitrate condition [21, 22] , low phosphorus stress [23] , salt stress [24] and so on.
Bioinformatics approaches have been successful for the discovery of conserved miRNAs in numerous plant species including cotton [25] , maize [26] , caster [27] , sorghum [28] , and soybean [29] . At the time of writing, there are 18,226 mature miRNAs deposited in miRBase [30] . As an important model system for basic biological research, maize has contributed significantly to our understanding of plant development and evolution, and this knowledge has been employed to elucidate the regulatory functions of miR-NA genes [26] . The total number of miRNAs in an individual organism has been estimated to represent approximately 1% of the total number of coding genes [31, 32] . To date, only 150 genes within 26 miRNA families have been identified in maize [26] , and many more remain to be discovered.
Maize is one of the most important food crops worldwide, and is also used for animal feed, silage and in industrial products. Drought stress is often the limiting factor for plant growth and agricultural productivity, and this is especially true for maize. Plant microRNAs have been shown to play important functions in plant growth and development. However, role of miRNAs in the response to drought stress is poorly understood in maize. In recent years, high-throughput sequencing technologies and bioinformatics approaches have together identified many novel miRNAs [33, 34, 47] . In the present work, drought-tolerant (Hz4) and drought-sensitive (3189) inbred maize lines [35] were investigated using Illumina sequencing to identify novel drought-responsive miRNAs. Expression of the identified miRNAs was confirmed using qRT-PCR and target genes were elucidated. Probing of two small RNA libraries from young leaves led to the identification of 124 known maize (zma) miRNAs, and a further 68 novel maize miRNAs were discovered. Of these, five novel miRNAs that were differentially expressed in the two inbred lines were characterized, and the results suggest they may play an important role in response to drought stress.
Materials and methods

Plant materials and drought stress treatment
Drought-tolerant (Hz4) and drought-sensitive (3189) maize inbred lines were germinated in a greenhouse and grown under standard conditions until seedlings had developed three leaves. Seedlings were then subjected to drought conditions. Specifi-cally, the soil water content was reduced from 90% to 70%, and approximately 5 g of leaves was collected from each seedling and immediately frozen in liquid nitrogen.
Construction of small RNA libraries for high-throughput sequencing
To construct small RNA libraries, total RNA was extracted from leaves using Trizol reagent (Invitrogen, USA) according to the manufacturer's protocol as modified by LC Sciences (Houston, USA). The small RNA fraction (10-40 nt) was isolated by polyacrylamide gel electrophoresis and ligated with proprietary adaptors (Illumina). Short RNAs were then reverse-transcribed into cDNA by RT-PCR. Small RNA libraries were constructed for each maize line and sequenced using a Genome Analyzer GA-IIX (Illumina) following the manufacturer's instructions. Small RNA sequencing data was processed with the in-house program ACGT101-miR (LC Sciences, USA). Program parameters were set as previously described [36] with modifications to adapt the program for plant miRNA prediction.
Sequencing data processing
To begin with, we compared the filtered small RNA sequences with known miRNAs in miRBase 20.0 [http://www.mirbase.org [37] and a 0-2 nucleotide mismatch was considered. Meanwhile, the filtered small RNA sequences were compared with ZmB73_4a.53 (ZmB73_AGPv1) [38] using BLASTn and no mismatches were permitted. Then ESTs that contained small RNA sequences were selected and their secondary structures were predicted using MFOLD (http://mfold.rna.albany.edu/?q=mfold/RNA-Foldi ng-Form) for identifying potential novel miRNAs. At last, small RNAs with corresponding star (miRNA*) sequences were counted to be novel miRNAs according to the criteria for miRNA definition [39] .
Prediction and validation of miRNA target genes
The target genes of miRNAs were predicted using the method of target prediction proposed by Allen et al. (2005) [40] and Schwab et al. (2005) [41] . The plant small RNA target analysis server psRNATarget [42] was employed for prediction through searching against the maize full-length cDNA sequences. In addition, the rules of target prediction were referred to universal criteria previously suggested [40, 41] and the parameters of psRNATarget server were the default.
Validations of 18 novel miRNAs which low abundance and more than 24 nt in length were carried out by stem-loop reverse transcription-PCR (RT-PCR).
The stem-loop RT-PCR was using the Applied Bio systems 7300 Real-Time PCR System (Applied Bio systems, Foster City, CA) and all reactions were run in triplicate. 18S rRNA was used as the internal control for stem-loop RT-PCR. In addition, quantitative real-time RT-PCR (qRT-PCR) was performed to validate the target genes of five novel miRNAs that were differentially expressed between the two inbred lines using three biological replicates. Total RNA from the leaves of the two maize inbred lines was extracted using Trizol reagent (Invitrogen, USA) according to the manufacturer's protocol as modified by LC Sciences (Houston, USA). Samples were collected at the same time as those for miRNAs sequencing. The RNase-free DNase (Promega, USA) was used to remove contaminating DNA from total RNA and first strand cDNA was synthesized according to the manufacturer's instructions (Takara, Japan). The PCR system contained 2 μL cDNA, 12.5 μL Platinum SYBR Green qPCR SuperMix-UDG (Takara, Japan), 2 μL 10 μM primer mixture and 8.5 μL RNase-free water. Sample cycle threshold (Ct) values were standardized for each template based on a GAPDH control reaction and the comparative Ct method (2-ΔΔCt) was used to determine the relative transcript abundance of each gene [43] . Gene accession and primer sequences are listed in Additional File 3: Table S4 .
Gene ontology (GO) analysis
Target genes were subjected to Gene Ontology (GO) analysis to uncover the miRNA-gene regulatory network on the basis of biological process and molecular function. GO annotations were extracted using AgriGO (http://bioinfo.cau.edu.cn/agriGO/) and included alignments of individual transcripts representing diverse functions, processes or components. A graphical representation of the GO ontology distribution of the biological processes, cellular component and molecular function categories can be found in Online Resource 8.
Results
Overview of sequencing results
Two small RNA libraries constructed from the leaves of drought-tolerant and drought-sensitive maize seedlings were sequenced using high-throughput methods, and a total of 11,973,711 and 14,326,010 raw sequences were generated from the drought-tolerant and drought-sensitive libraries, respectively. After removing low quality reads and clipping adaptor sequences, 8,983,222 and 7,948,375 clean reads were remained with lengths ranging from 17 to 44 nt ( Table 1 ). The reads of 34 nt in length were the most abundant among total reads of each small RNA library ( Figure 1A ). In addition, a length of 33 nt was the most abundant among unique reads of SL_HZ4 and a length of 24 nt was the most abundant among unique reads of SL_3189 ( Figure 1B ). To identify known miRNAs, small RNA sequences were used with BLASTn to search the miRBase database (release 20.0, June 2013). A total of 124 known maize (zma) miRNAs were identified, of which 76 were detected in Hz4 and 124 were detected in 3189. These miRNAs belong to different miRNA families such as the miR156, miR166, and miR167 families ( Figure 2 ). The miR156 family was the most represented, indicating a higher level of expression in maize seedlings, as was previously reported [26] . Uridine (U) was the most common nucleotide at the 5′ end (>65%), whereas this nucleotide was comparatively rare at positions 2-4 ( Figure 3 ). 
Identification of novel miRNAs in the maize genome
A computational prediction method was employed to identify novel miRNAs in the maize genome. After excluding sRNAs that matched known miRNAs, rRNAs, tRNAs, snRNAs, and snoRNAs, as well as those overlapping protein-coding genes, remaining sRNAs exhibiting a perfect match to maize genomic sequences were used to predict potential novel miRNAs. The selection of novel miRNAs was based on the ability of flanking sequences to fold back in a hairpin structure [44] . Predicted secondary structures of the flanking sequences were generated using Mfold. These putative miRNA precursors were then used to extract miRNA * s, which are considered strong evidence for DICER-LIKE-1 (DCL1)-derived products [30] . A total of 68 regions satisfied these criteria and were designated as novel miRNA gene candidates ( Table 2 ). The lengths of novel miRNAs varied from 20 to 37 nt, with 24 nt the most abundant length (18 out of 68), which is typical of DCL digestion products. Of these, 24 were found to be expressed in both maize inbred lines, with 10 weakly expressed, as indicated by a normalized sequencing read of less than 1 in both samples. In addition, the sequence frequency of most novel miRNA candidates was extremely low. It has been reported that miRNAs may be expressed at very low levels and may be present only in particular cell types and/or under particular circumstances [45] . None of the novel miRNAs were previously reported in other species and are therefore likely to be maize-specific. Then 18 novel miRNAs which low abundance and more than 24 nt in length were selected for validation by stem-loop real-time PCR (Additional File 1: Table S1 ). According to our RT-PCR analysis, 4 novel miRNAs (PC-3p-201205, PC-3p-359801, PC-5p-864621, zma-MIR166b-p5) had no expression quantity in both the leaves of two maize inbred lines. In addition, 5 novel miRNAs (PC-3p-201205, PC-5p-1164336, zma-MIR164e-p5, zma-MIR166b-p5, zma-MIR393a-p3) had no expression quantity in the leaves of Hz4 and 1 novel miRNA (PC-5p-864621) had no expression quantity in the leaves of 3189, which was consistent with the results of the high-throughput sequencing (Additional File 1: Table S1 ). Expression levels of a few members-PC-3p-129630, PC-3p-420698, PC-3p-552502, PC-3p-564523, PC-3p-793235, zma-MIR164e-p3, zma-MIR166n-p3, zma-MIR169i-p3 and zma-MIR393c-p3-were slightly different ( Figure 4A) . This difference may be due to variations in Hz4 and 3189 sampling times, or differences in sensitivity and specificity of the two technologies. Expression patterns of the remaining novel miRNAs (PC-3p-1072330, PC-5p-1134476, PC-5p-1164336, zma-MIR164e-p5, zma-MIR393a-p3) obtained by stem-loop real-time RT-PCR were in accordance with the sequencing data ( Figure 4B ). 
Clustering of miRNAs
Clusters of miRNAs are often present in the genome where multiple miRNAs are aligned in the same orientation and transcribed as a polycistronic structure to facilitate cooperative action [46] . A total of 69 of the miRNAs identified in this research were located within 22 miRNA clusters, with chromosomes 1, 2, 3, 4, 5, 6, 7, 8 and 10 containing 5, 1, 5, 1, 4, 2, 1, 2 and 1 clusters, respectively ( Table 3 ). The largest miRNA cluster contained 7 miRNAs, all of which belonged to the same miRNA family (miRNA395). Some miRNAs in the same cluster may be transcribed by the same primary miRNA, although their expression levels can differ, as was observed with PC-3p-1105743/ PC-3p-897448, PC-3p-552502/PC-5p-62968 and PC-5p-1164336/PC-3p-104764. This is presumably due to these miRNAs undergoing different transcriptional regulation during maturation.
Differentially expressed miRNAs
To identify miRNAs involved in the response to drought stress, differential expression in the two libraries was estimated from the read counts of the high-throughput sequencing. In the two libraries, miRNAs exhibiting a log2 (Hz4/3189) fold change higher than 1 were designated up-regulated, while a log2 (Hz4/3189) fold change less than -1 was designated as down-regulated. In total, 29 miRNAs were differentially expressed between the two inbred lines, with 18 down-regulated and 11 up-regulated (Table  4 ). Among these differentially expressed miRNAs, five novel miRNAs were selected for expression analysis using qRT-PCR. These were PC-3p-190, PC-3p-104764, PC-3p-129630, PC-3p-552502 and PC-5p-139812. Of these, two were up-regulated and three were down-regulated. Secondary structures were predicted to be of a typical hairpin shape, which is different from siRNAs and piRNAs ( Figure 5 ). The expression patterns of these five miRNAs, obtained by qRT-PCR experiments, were consistent with the results of the high-throughput sequencing reads ( Figure 6 ). However the fold changes obtained from the qRT-PCR data were much lower than those estimated from the high-throughput sequencing data, presumably due to differences in sensitivity and specificity between the experimental approaches [47] .
Identification and confirmation of miRNA targets using qRT-PCR
In most cases, the identified miRNAs were predicted to cleave two or more different targets. With a specific value of 0.85 and a signal-to-noise value of 6.28, a total of 167 genes were predicted to be potential targets for 23 of the 29 differentially expressed miRNAs. Among these, nine genes were predicted to be targets of the five novel miRNAs ( Table 5 ). Interestingly, PC-3p-104764, PC-3p-129630, PC-3p-552502 and PC-5p-139812 shared a common target (GRMZM2G448344), and PC-3p-104764 and PC-3p-129630 shared three common targets (GRMZM2G360821, GRMZM2G385635, GRMZM2 G308907), suggesting differnet miRNAs may function in combination in gene regulatory networks.
To confirm whether the miRNAs regulated their potential targets under drought stress conditions, the expression patterns of putative target genes were analyzed using qRT-PCR. It is known that miRNAs regulate gene expression at the post-transcriptional level by translational repression or target degradation and gene silencing. As expected, an inverse relation was observed between the expression of three miR-NAs (PC-3p-190, PC-3p-552502 and PC-5p-139812) and their putative target genes, suggesting miR-NA-mediated regulation of their potential targets ( Figure 6A ). The other two novel miRNAs (PC-3p-104764 and PC-3p-129630) did not exhibit this inverse relationship with their putative target genes ( Figure 6B ). On account of the regulatory mechanism between miRNAs and their target genes is so complicated that one target gene may be correspond to multiple miRNAs. Therefore, we speculated that these two novel miRNAs had little effect on their target genes and the expression of the target genes might be affected by other regulators.
GO functional and transcriptomics analysis of target genes
The results of GO analysis demonstrated that most of the target genes were involved in cellular or metabolic processes such as response to stimuli or biological regulation among other categories ( Table  5 ). Of the nine target genes characterized, seven could be classified into 21 biological processes including carbon fixation, photosynthesis and proteolysis, while the remaining two were of unknown function. For example, PC-3p-190 targets a gene involved in RNA-binding and PC-3p-129630 targets a gene involved in carbon fixation. PC-3p-552502 targets a gene involved in the light reaction of photosynthesis and the target genes of PC-3p-104764 are ATP-dependent peptidase and serine-type endopeptidase. Interestingly, the common target (GRMZM2G448344) of four of the five novel miRNAs, and the common targets (GRMZM2G360821 and GRMZM2G308907) of PC-3p-104764 and PC-3p-129630 are all involved in photosynthesis.
To gain more insight into the expression patterns of the target genes of the five novel miRNAs, a comprehensive expression analysis was performed using the publicly available maize transcriptome data. A total of 18 tissues from five organs have been analyzed using RNA sequencing (RNA-Seq) [48] . Distinct expression profiles were identified for nine target genes from the transcriptome data (Additional File 2: Table S2 ). Transcriptome data were imported into R and Bioconductor (http://www.bioconductor.org/) for expression analysis to generate a heat map ( Figure  7) . Based on the heat map, all nine target genes were appeared to be expressed only in the leaves. GRMZM2G360821 and GRMZM2G308907 exhibited the highest expression levels, suggesting important roles for these target genes. These results indicated that these genes may participate in photosynthesis, which was consistent with the GO analysis. -1R-1  8  tag_chr3  7774272  7774395  -zma-miR156a-5p_L+1  8  tag_chr3  7774558  7774696  -zma-miR156a-5p  9  tag_chr3  25490777  25491197  -ath-miR159a  9  tag_chr3  25490976  25491190  -zma-MIR159f-p5  9  tag_chr3  25490976  25491190  -zma-miR159a-3p_R-1  10  tag_chr3  27314699  27315122  -PC-3p-687149_1  10  tag_chr3  27314819  27315242  +  PC-3p-687149_1  11  tag_chr3  37610192  37610611  +  PC-3p-711926_1  11  tag_chr3  37610192  37610611  +  PC-5p-691043_1  11  tag_chr3  37610280  37610409  +  zma-MIR169a-p5_1ss22TC  12  tag_chr3  119175685  119175874  +  zma-miR167a-5p  12  tag_chr3  119177648  119177890  +  zma-miR167e-5p_R+1  13  tag_chr4  173295127  173295263  +  zma-miR396a-3p_R-1  13  tag_chr4  173295127  173295263  +  zma-miR396a-5p  13  tag_chr4  173300108  173300273  -zma-miR396e-5p  14  tag_chr5  21933496  21933916  -cme-miR166i_L+2R-1 
Discussion
Identification of maize miRNAs by high-throughput sequencing
Identification of miRNAs in model plants using high-throughput sequencing or miRNA arrays has been previously reported. High-throughput sequencing has proven particularly successful for identifying plant miRNAs involved abiotic stress responses [49, 50, 51] . In this study libraries constructed from the leaves of two maize inbred lines were used to identify novel drought-associated miRNAs and their mechanisms of action were subsequently investigated. regulatory roles in response to abiotic stress. Some family members exhibited comparable expression levels, such as zma-MIR166b/c/e/f/g/h/I in the miR166 family and zma-MIR168a and zma-MIR168b in the miR168 family. This indicates that several members of a family may have a synergistic effect in the regulation network.
Potential targets of differentially expressed miRNAs
Earlier research in Arabidopsis demonstrated that many of the potential targets of candidate miRNAs were transcription factors [52] and the majority of miRNAs were involved in multiple diverse biological processes [49] . In this study, 29 differentially expressed miRNAs were identified using high-throughput sequencing, and potential targets of 23 of these were successfully predicted (Additional File 3: Table S3 ). No targets were identified for the remaining 6 miRNAs, and this may be due to differences in the spatial or temporal expression of a miRNA and its target that could result in insufficient degradation of the target [50] . As anticipated, many of the potential targets were involved in transcription regulation, including MYB, CRP, PPA, HRT, GRF, SR, C2H2, SLS, SMH, RAV, GLH and Phytocyanin-type transcription factors. These transcription factor families are conserved in other plant species [53] [54] [55] [56] and are known to regulate plant development.
Potential targets of drought-associated miR-NAs
This study identified five novel miRNAs that were differentially expressed in drought-resistant and drought-sensitive maize inbred lines. GO analysis was performed to infer whether further investigation into these miRNAs would be appropriate, and many of the potential target genes play important roles in diverse biological processes, but especially in photosynthesis. Transcriptomics analysis suggested that the nine target genes were expressed only in leaves, which are the primary location for photosynthesis. The chemical constituents of leaves are known to change in response to drought stress, therefore we propose that these target genes are involved in drought stress. The results presented here will guide further functional analysis of the role of these novel drought-associated miRNAs and their target genes in the response to drought stress in maize. Figure 7 : Expression profiles of nine target genes. A heat map was generated by hierarchical clustering using a dedicated heat map package [57] . Expression data were normalized and hierarchically clustered with average linkage. The color scale in the top right corner represents the relative gene expression level, where red, yellow and blue indicate high, medium and low levels of gene expression, respectively.
Conclusion
Differentially expressed miRNAs were detected in the leaves of two maize inbred lines, and 124 known and 68 novel miRNAs were identified using a high-throughput sequencing approach. The sRNA-seq data has been deposited into NCBI GEO database and the GEO accession number is GSE61700. The novel drought-associated miRNAs identified and their predicted target genes may play important roles in the regulation of stress responses in this important food plant. These findings have enriched the maize miRNA databases and provide the foundation for further analysis of their roles in maize growth and development.
